were measured using cells harvested 8-10 d after stimulation with antigen . Viable cells were purified by centrifugation over Ficoll-Isopaque, and 2 X 104 cells were cultured in duplicate with various stimuli in 0.2 ml of RPMI 1640, supplemented as described above, in flat-bottomed microculture plates . Cultures were incubated for 2-5 d at 37°C in 5% C02, pulsed for the final 6-8 h with I uCi [5H]thymidine (Amersham Corp., Arlington Heights, IL) per well and harvested in a PHD cell harvester (Cambridge Technology, Inc., Cambridge, MA) . Radioactivity incorporated into DNA was measured by liquid scintillation counting, and data were expressed as mean cpm [5H]thymidine incorporation per culture.
For assays of lymphokine secretion by T cells, 2 X 104 viable cells were cultured in 0.2 ml with 2 ug/ml ofCon A or 5 X 105 1,500 rad irradiated splenocytes from the appropriate strain and 50 or 100 jug/ml antigen . Supernatants were collected on day 1 or 2, and assayed at 50% vol/vol for stimulation of HT2 cells in the presence and absence of anti-BSF-1/IL-4 or anti-IL-2-R antibodies, as described previously (10) .
Measurement of BSF-1/IL-4-R Expression. Affinity-purified BSF-1/IL-4 was iodinated as previously described . Biologic activity of '25 I-IL-4 was comparable to that of noniodinated IL-4 as measured in a T cell costimulation assay (5) . BSF-1/IL-4-R expression was measured as described (20) . Briefly, receptor number was determined by incubating 1-2 X 106 T cells for 2 h at 0°C with '25I-labeled affinity-purified BSF-1/IL-4, with and without a 200-fold excess of unlabeled lymphokine . Cells were centrifuged through silicon oil, and cell-associated radioactivity was measured. Numbers of binding sites per cell were calculated from Scatchard plots (20) , or by using an amount of '251-BSF-1/IL-4 sufficient to occupy >90% of available receptors .
Results
Characterization of T Cell Clones . The T cell clones used in this study are listed in Table I . In response to stimulation by Con A or antigen and irradiated splenocytes, all cloned lines secrete a lymphokine that stimulates DNA synthesis by HT2 indicator cells and is identified as either IL-2 or BSF-1/IL-4 by specific antibody inhibition (Table I) . On the basis of this assay, clones D1 .1, D1 .5, D1 .6, B8, and GI I belong to the IL-2-producing Thl subset, whereas D10.G4, CDC25, and CDC35 are prototypical BSF-I/IL-4-producing Th2 lines. In agreement with previous results (10), the autocrine growth factor used by each subset is also IL-2 or BSF-1/IL-4, as determined by antibody blocking of proliferative responses to antigen plus APC (not shown) .
As expected from the class II MHC restriction of these lines, all are phenotypically L3T4+, Lyt-2 -and all the clones express IL-2-R (data not shown) . The level of IL-2-R expression varies among clones and in the same clone assayed at different times. The basis for this variation is unclear, but, at least with D10 .G4, it is not attributable to the presence or absence of exogenous IL-2 (in the form of RCS) in the culture medium during stimulation with antigen and APC.
Proliferative Responses to Exogenous Lymphokine . Viable cells from different T cell clones were cultured with Con A, recombinant murine BSF-1/IL-4, a Con A-induced supernatant of D10 .G4 (as a crude source of BSF-1/IL-4) or human rIL-2, in the presence or absence of rIL-1,8 (0.5 U/ml) . The pattern of proliferation detected after 2 d is strikingly different for Th l and Th2 cells. All three Th2 clones respond to Con A, BSF-1/IL-4, and IL-2; their response to Con A (which induces secretion of BSF-1/IL-4) and to exogenous BSF-1/IL-4 is entirely dependent on or markedly enhanced by IL-1 (Fig. 1 ). These lines do proliferate when cultured with IL-2 alone, and this is generally enhanced by IL-1 . In contrast, the IL-2-producing Thl lines respond maximally to IL-2 but fail to Antigen + Ia specificities of T cell clones used in this study were established by inhibition of proliferative responses to antigen + APC by mAbs specific for I-A and I-E determinants (not shown) . To measure lymphokine secretion, SN were collected after 1 d culture of 2 x 10' T cells with 2 pg/ml of Con A, or 2 d culture with 100 wg/ml antigen and 106 1,500 rad irradiated splenocytes . SN were tested at 50% vol/vol for stimulation of HT2 cells in the presence andabsence of antibodies to BSF-1/IL-4 or to IL-2-R, as described in Materials and Methods. Controls included recombinant BSF-1/IL-4 (250 U/ml) and recombinant human IL-2 (10 U/ml). Groups showing significant inhibition of HT2 stimulation are underlined. * Incomplete inhibition is due to the high concentrations of IL-2 produced .
respond to BSF-1/IL-4, and their DNA synthesis is unaffected by IL1 (Fig. 1) . The same pattern of proliferation is -observed after 5 d of culture, indicating that the differences cannot be attributed to different response kinetics (not shown) . Similar results have been observed with four other Th l and two other Th2 clones (data not shown) .
The unresponsiveness of Thl clones to BSF-1/IL-4 and to IL-1 was investigated in more detail . Over a range of concentrations of recombinant BSF-1/IL-4 from 100-1,000 U/ml, two prototypical Th2 lines, D10.G4 and CDC25, show increasing DNA synthesis (in the presence of IL-1) with a plateau at 100-200 U/ml. Under the same conditions, three IL-2-secreting Th l clones, D IA, D I .5, and D1 .6, fail to incorporate [sH]thymidine (Fig. 2) .
Both T cell subsets respond to IL-2, but-here, too, the differences in IL-1 effects are observed . Thus, DNA synthesis by Thl clones is unaffected by IL-1 . In contrast, D10.G4 and CDC25, two representative Th2 clones, clearly show an enhancing effect of IL-1 on IL-2-induced proliferation (Fig. 3) .
Dose-response studies were also done with IL-1 . As shown above ( Fig. 1 ) and described previously (1), Dl O.G4 proliferates in response to Con A or receptormediated stimulation only in the presence of IL-1 . The maximal effect of IL-1 in this assay using human IL-1 is observed at a concentration of 0.1-0.5 U/ml . Similar dose responses are seen in the stimulation of Th2 clones by BSF-1/IL-4, i.e., maximal costimulator effects of IL-1 at 0.1-0.5 U/ml (Fig. 4) . In contrast, Thl clones do not respond to BSF-1/IL-4 even with IL-1 concentrations up to 2 U/ml (Fig. 4) this possibility. First, D1 .5 and D I .6, two IL-2-producing clones, were restimulated according to the standard protocol, but Con A-induced DIO.G4 supernatant (a rich source of BSF-1/IL-4) was added to some wells. These paired cultures were then assayed for responses to lymphokines. As shown in Table II , the addition of D l O.G4 supernatant during cell passage does not alter the pattern of response of two Thl clones, i .e., they remain insensitive to BSF-1/IL-4 and to IL-1 . Moreover, the pattern of proliferation remains unchanged from 2 to 5 d of culture, although responses were considerably lower at 5 d (data not shown) .
In a second set of experiments, cells of the IL-2-producing Thl clone, D1 .5, were cultured for 3 d with rIL-2 or with recombinant BSF-1/IL-4, and then assayed for responses to these lymphokines in the presence and absence of IL-1 . Again, prior exposure to either lymphokine has no effect on the pattern of response (Table III) . The lower responses of cells cultured in medium alone may be due to decreasing viability or metabolic activity . Taken together, these experiments demonstrate that the failure of Th 1 clones to proliferate in response to BSF-I/IL-4 with or without IL-1 is presumably an intrinsic property of this T cell subset and is not a reflection of culture conditions . Correlation ofBSF-1 /IL-4 Responsiveness and Receptor Expression. The simplest explanation for the unresponsiveness of some T cells to BSF-1/IL-4 is that they do not express receptors for this lymphokine . We have examined BSF-1/IL-4 receptors on a representative panel of T cell clones by binding of ' 25 I-labeled lymphokine . In these experiments, receptor numbers on normal BALB/c spleen cells were calculated to be 1,266 per cell with a K of 0 .87 X 10 1°M-1 (Fig. 5) . The value for receptor number is somewhat in excess of the receptor number observed in a previous study (450/cell) and the K was somewhat lower than the previously measured value (3 .3 X 10 1°M-1) (20) .
Our calculation of receptor expression on Th2 clones indicates that they express^-2-10 times as many receptors per cell as normal splenocytes. Thl clones generally express fewer receptors than Th2 clones, but the groups clearly overlap in receptor expression (Table IV) Purified T cell-derived BSF-1/IL-4 was radioiodinated as described (20) . Specific activiwas determined by a competition assay in which ' % I-IL-4 was compared with known quantities of nonradioactive IL-4 (20) . 60% of the '2 I-IL-4 preparation used in these experiments was capable of binding to spleen cells. Binding data were corrected for this factor. The specific activity of this preparation at the time of initial assay was 1 .70 x 10-" mol IL-4 per cpm. All binding experiments were carried out at 4°C for 2 h, conditions that achieve equilibrium . In the experiment illustrated, cell density was 3 .98 X 10 6 cells in 0.1 ml .   TABLE IV   TABLE V BALB/c spleen receptor is derived from data in D10.G4 cells were cultured for IS h in medium alone or with IL-1 (1 U/ml). IL-4-R were measured in triplicate, as described. Receptor number was calculated from a single point measurement under near saturation conditions . different from normal splenocytes. Moreover, BSF-1/IL-4-R density on D10 .G4 cells is unaffected by culture with IL-1 (Table V) . Therefore, it is unlikely that IL-1 functions simply by inducing or stimulating the expression of receptors for this autocrine growth-promoting lymphokine . Specificity of Lymphokine-mediated Stimulation . To confirm the specificity of lymphokine-mediated stimulation, we cultured a Th2 clone that responds to both IL-2 and BSF-1/IL-4 (+IL-1), D10.G4, with these lymphokines in the presence and absence of neutralizing mAbs specific for IL-2 or BSF-1/IL-4 . As shown in Table VI , the proliferation of D10.G4 induced by each lymphokine is significantly inhibited only by the specific antibody . In addition to demonstrating specificity, this result indicates that the major portion of the response to an exogenous lymphokine is due to the direct action of that lymphokine, and not due to secondary stimulation of autocrine growth factor production. In other words, IL-2 stimulates D10.G4 directly and not by inducing the secretion of BSF-1 /IL-4.
Discussion The experiments described in this paper were initiated after the discovery that subsets of helper/inducer T lymphocytes can be distinguished by profiles of lymphokine secretion and autocrine growth factor utilization (9-11) . Such differences may provide the biologically most meaningful criteria for distinguishing the functional potential of T cell subsets. The results described above establish two striking differences between these subsets. First, both IL-2-and BSF-1/IL-4-producing (Thl and Th2) clones proliferate in response to exogenous IL-2, but only the Th2 clones respond to BSF-1/IL-4 . Second, responses of Th2 clones are dependent on or enhanced by the accessory cell-derived costimulator, IL-1, but Thl cells are IL-1-insensitive .
The nonreciprocal pattern of proliferative responses of Th l and Th2 subsets to exogenous lymphokines is not attributable to culture conditions or to prior exposure to these lymphokines. We also believe that unresponsiveness of Thl cells to BSF-1/IL-4 is not due to a failure to identify a costimulator that must act in concert with this lymphokine, for two reasons: (a) no such costimulator (other than IL-I) is necessary for clones that are responsive to BSF-1/IL-4, and (b) such an accessory function is not provided by PMA, which is the most efficient costimulator (and the only one other than IL-1) that has been shown to act on T cells (data not shown) . Initial studies suggest that most Th 1 clones express lower levels of BSF-1/IL-4-R than Th2 clones, but there is overlap among the cell lines, suggesting that the failure of the Thl cells to respond to this lymphokine may not be solely related to receptor expression, but may reflect other events in the activation pathway. Moreover, recent experiments suggest that Thl clones may respond to BSF-1/IL-4 for short periods (up to 3-4 d) after receptormediated stimulation, but rapidly lose this responsiveness, whereas Th2 clones continue to proliferate in response to IL-4 (+ IL-1) for at least 2 wk after antigenic stimulation . The differences in the IL-1 sensitivity of T cell subsets described in this report might account for the fact that in various studies using bulk populations of T cells, proliferative responses have been shown to be either dependent on or unaffected by IL-I . Thus, in many instances the proliferation of naive T cells induced by alloantigens of mitogenic lectins requires accessory cells whose function cannot be replaced by IL-1 (6) (7) (8) . On the basis of our results, we would predict that these responding T cells belong to the IL-2-producing Thl subset . In fact, recent experiments have shown that naive murine lymph node T cells stimulated by Con A or alloantigen secrete IL-2 and no BSF-1/IL-4, and the IL-4-secreting subset appears in immunized, antigen-responsive populations, at least within the limits of sensitivity of the assays we have used (Powers, G. D., A. K. Abbas, and R. A. Miller, manuscript in preparation) . In contrast to the frequent findings with naive T cells, a critical role for IL-1 in T cell proliferation has been most often observed with cloned lines such as D10.G4 and CDC25 (1, 22, 23) , which are now known to belong to the Th2 subset, or with antigen-primed and restimulated bulk populations (24-26), which we have found to contain a significant proportion of BSF-1/IL-4-secreting cells by limiting dilution analysis (Powers, G. D., et al.. manuscript in preparation) . The mechanism by which IL-I functions as a costimulator for T cell proliferation is not known. With the cloned lines used in this study, IL-1 has no effect on lymphokine secretion (reference 27 and data not shown) or lymphokine receptor expression . Experiments are in progress to determine if sensitivity to IL-1 is related to the expression of high-affinity IL-1-R.
Based on the results reported above and described previously (10), we can summarize the responses of clones representing Thl and Th2 subsets of helper/inducer T cells as follows . When stimulated via their antigen receptors, IL-2-producing Thl cells secrete IL-2 and express receptors for IL-2, and this autocrine pathway is sufficient to induce proliferation . Such cells may express lower levels of receptors for BSF-1/IL-4, and because of this or other reasons they fail to respond to BSF-1/IL-4, regardless of what costimulator or accessory factor is present . Th2 cells also secrete their lymphokines after receptor-mediated stimulation, but their response to the autocrine growth factor requires a costimulator activity that is provided by IL-1 . The Th2 cells respond to IL-2, which they themselves do not secrete . Thus, IL-2 produced by Thl cells is capable of inducing proliferation of adjacent T cells, but BSF-1/IL-4 secretion by Th2 cells will only affect other cells belonging to the same subset . It is, therefore, reasonable to predict that production of IL-2, but not BSF-1/IL-4, may play a role in antigen-independent expansion of "bystander" T cells.
Finally, we do not know to what extent our results with cloned lines are applicable to other helper/inducer clones and unselected, bulk T cell populations . The majority of nonimmune T lymphocytes proliferate in response to exogenous IL-2 (28). This is not surprising given our finding that both Thl and Th2 cells are responsive to this lymphokine . Recent experiments indicate that resting KURT JONES ET AL .
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peripheral T cells also proliferate in response to BSF-1/IL-4 + PMA (5) . The difference between such cells (most of which are IL-2 producers) and established cloned lines is a question that remains to be answered .
Summary
Antigen-specific, la-restricted helper/inducer T lymphocytes consist of subsets that can be distinguished by lymphokine secretion. One, called Th1, secretes IL-2 and the other, termed Th2, produces BSF-1/IL-4 in response to stimulation by lectin or antigen receptor signals, and each uses the respective lymphokine as its autocrine growth factor . Cloned lines representing Th2 cells proliferate in response to both IL-2 and their autocrine lymphokine, BSF-I/IL-4, but this proliferation is dependent on the synergistic costimulator activity of the monokine, IL-1 . In contrast, Thl clones proliferate only in response to IL-2, are unresponsive to BSF-1/IL-4, and their growth is unaffected by IL-1 . These response patterns are not attributable to variations in culture conditions but apparently reflect intrinsic properties of the two T cell subsets. Moreover, the unresponsiveness of Thl cells to BSF-I/IL-4 may be related to lower levels of expression of surface receptors for this lymphokine . These results may explain the observed heterogeneity among bulk populations of T cells in terms of lymphokine responsiveness and requirement for accessory factors (costimulators). In addition, our findings suggest that IL-2, unlike BSF-1/IL-4, is a fully competent growth factor that is potentially involved in antigen-independent expansion of bystander T cells present at sites of immune stimulation .
